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Abstract 
In the present study, a novel solar thermal roof collector was developed by primarily exploiting components and techniques 
widely available on the market and coupled with a commercial heat pump unit. The proposed indirect series solar-assisted heat 
pump system was experimentally tested and preliminary system performance was investigated. Yet, the analysis based on indoor 
and outdoor testing predominantly focuses on the solar thermal roof collector. A detailed thermal model was developed to 
describe the system operation. Also, a computer model was set-up by using Engineering Equation Solver (EES) to carry out the 
numerical computations of the governing equations. Preliminary analyses show that the difference in water temperature could 
reach up to 18°C while maximum thermal efficiency found to be 26%. Data processing of the series covering the test period 
represents that Coefficient Performance of the heat pump (COPHP) and overall system (COPSYS) averages were attained as 
COPHP=3.01 and COPSYS=2.29, respectively.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review by the scientific conference committee of SHC 2015 under responsibility of PSE AG. 
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1. Introduction 
Combination of the heat pump and solar energy is a mutual beneficial way of enhancing the coefficient of 
performance of a heat pump and solar collector efficiency. The heat pump COP can be elevated to the great extent 
on the temperature of the evaporator. The solar collector loop enables to boost the heat source temperature of the 
heat pump, thereby improving the annual and seasonal performance of the heat pump [1]. By integrating unique 
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polyethylene heat exchanger loop into a novel roof construction to form a “Sandwich” Thermal Roof Collector could 
be an efficient alternative to conventional solar thermal collectors to maximize the solar heat energy absorption. 
The objective of this study is to investigate a roof integrated thermal “Sandwich” solar thermal roof collector that 
properly blends into surrounding thus avoiding ‘add on’ appearance and having a dual function (heat absorption and 
roofing) with heat pump. The present study will both theoretically and experimentally evaluate the thermal 
performance of the “Sandwich” roof unit with heat pump. 
 
Nomenclature   
Aeff      Effective area, m²  ൩ Stefan-Boltzmann constant
C Specific heat ڴ transmittance
COP Coefficient of Performance Subscripts 
Di inner diameter of heat exchanger tube, m a ambient air
Do Outer diameter of heat exchanger tube, m abs absorber surface
e Percent deviation c cover layer
F Collector efficiency factor   cp, e electrical energy in compressor
Gr Grashoff number                                                            cs collector side
g Gravitational acceleration, m/s²    c, t thermal energy in condenser
h Heat transfer coefficient, W/m²K cv convective
H Enthalpy, kJ/kg                                                    e evaporator
I Incident solar radiation, W/m² e, t thermal energy from evaporator
K Thermal conductivity, W/m.K f fluid
m variable defined to solve differential equations   he heat exchanger
m  Mean flow rate, m/s                                                           hein inner wall of heat exchanger
Nu Nusselt number     heo outer wall of heat exchanger
Q Energy, W heo, hein  outer wall to inner wall of heat exch
T Temperature, °C hein, r inner wall of heat exch to refrigerant
U Thermal transfer coefficient, W/m²K                                HP heat pump
W Distance between tubes, m l  loss
ܥ Compressor power, W                                          ls load side
V Wind speed, m/s                                                   p pipe
Greek Letters  r refrigerant
ɲ absorption rd radiative
į thickness, m s sky
ڙ emissivity SYS system
Ș efficiency, % t thermal
ʄ thermal conductivity, W/m.K    t, net net thermal
ɇ total u useful 
ȡ density, kg/mಢ w water
 
2. Novel thermal roof structure combined with heat pump  
The system consists of a Thermal “Sandwich” Roof collector that can act as both roof element and low grade heat 
source for the heat pump. The roof module contains several layers, namely the outer surface is a black painted 
aluminum solar radiation absorber, polyethylene heat exchanger loop tightly screwed to the black aluminum surface 
for enhanced heat transfer and injected insulation foam back layer against heat loss. Furthermore, thermally 
conducting adhesion was used to improve the heat transfer between the aluminum cover and poly heat exchanger 
pipes. By this means, all layers are integrated into the same module to form a “Sandwich” Thermal Roof collector. 
Fig. 1 is the illustration of layers of “Sandwich” thermal roof collector. 
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In operation, the solar thermal roof module receives a substantial amount of solar insolation falling upon the 
black coated solar absorbing surface as a means of thermal energy, while dispersing remainder to the surrounding. 
The black painted aluminum top cover enhances the solar heat absorption. The system also comprises 3 kW thermal 
output commercially available heat pump package designed for space heating (through underfloor or radiator) and 
domestic hot water for buildings. The Indirect Solar-assisted HP system includes a solar thermal collector, 
evaporator, compressor, condenser, and an expansion valve. The “Sandwich” structure roof unit supplies free, low 
grade solar thermal energy to the heat pump evaporator. The solar heat is exchanged through a coil heat exchanger 
acting as the condenser of the collector loop. Within the secondary sealed side of the evaporator heat exchanger, 
there is heat transfer fluid, also called refrigerant. When the water/anti-freeze mixture enters the evaporator, the 
solar thermal energy absorbed by the novel roof is transferred into the refrigerant which begins to boil and becomes 
a gas. The refrigerant physically does not mix with the water/anti-freeze mixture. They are separated by sandwich 
like heat exchanger which enables the heat transfer. The gas is then introduced to the compressor in which the 
refrigerant gas pressure is increases which rises gas temperature as well. The high temperature refrigerant gas then 
moves along a second heat exchanger, also called the condenser, which has same characteristics as set of heat 
transfer plates. The condenser supplies water hot enough to serve the space heating system or domestic hot water 
needs. After transferring its heat, the refrigerant gas becomes a liquid again. This refrigerant in liquid state passes 
across an expansion valve at the end of the cycle to reduce its pressure and temperature, ready to begin another cycle 
all over again. The schematic diagram of the solar assisted heat pump system, using environmentally friendly R134a 
refrigerant which has practically the same behavior as other refrigerants in terms of temperature variation and 
compressor frequency, is given in Fig. 2 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.1. Prototype 
A prototype of the combination of solar thermal roof and heat pump system was assembled and tested both in the 
laboratories of Institute of Sustainable Energy Technology at the University of Nottingham and under the prevailing 
climatic conditions of Nottingham, UK which is geographically located at 52.57°N and 1.09°W. The key innovation 
in the proposed system is the utilization of the solar thermal energy as a renewable source with relatively efficient 
and low cost components by a thermodynamically effective design. Fig. 3 shows the experimental setup.   
Fig. 1. Cross sectional view of the Novel Thermal Roof Collector 
Fig. 2. Schematic diagram of the SAHP system 
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Fig. 3. experimental setup of the SAHP system 
3. EES Model 
Energy transfer through the proposed system has two major processes including conversion of solar radiation into 
thermal energy by “Sandwich” roof unit and upgrading the evaporation heat into higher grade energy through the 
heat pump. A numerical model which is well suited to the physical structure of the proposed system was adapted to 
simulate the thermal performance of the novel system by using EES (Engineering Equation Solver) Software.  
Initially incoming Solar Energy is defined as; 
IAQ effabsabs  D                                                                                                                                          (1) 
Heat loss is mainly through the top due to the good back insulation features of “Sandwich” Roof unit. So the heat 
loss can be expressed as; 
)()( 44 skyabsabsaabscl TTTThQ  VH                                                                                          (2) 
Combining above equations provides a revised expression of the useful heat energy (Qt): 
labst QQQ                                                                                                                                                    (3) 
The natural convection heat transfer coefficient (hc) from roof to the ambient is taken into account for wind 
velocities lower than or equal to 6 m/s (V) by [2]; 
Vhc  3.35.6                                                                                                                                               (4) 
The sky temperature can be obtained by Swinbank equation as a function of the ambient temperature by; 
aT
asky TT 32.0037536.0
5.1                                                                                                                       (5) 
Radiation heat transfer is defined as; 
)( 44 skyabscrd TTh  VH                                                                                                                              (6) 
The heat flow goes through conduction across the absorber (black aluminum), the walls of heat exchanger tubes and 
is eventually conveyed to the flowing water/glycol mixture. The heat gain of the water/glycol mixture is as equal as 
the useful heat energy as; 
)( wabstefft TTUAQ                                                                                                                               (7) 
Overall thermal resistance between absorber and refrigerant is; 
11
,
1
,
1
, )(
  wheinheinheoheoabst UUUU                                                                                                                (8) 
Heat transfer coefficient (Uabs, heo) from absorber aluminium layer to outer wall of heat exchanger is by; 
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The temperature at the outer wall of the polyethylene heat exchanger becomes 
heoabseff
t
absheo UA
QTT
,
                                                                                                                             (10)
 
Heat transfer coefficient (Uheo, hein) from outer wall to interior wall of heat exchanger is defined as [3]; 
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The average temperature at the inner wall of polyethylene heat exchanger is given as [3]; 
heinheoeff
t
heohein UA
QTT
,
                                                                                                                           (12)
 
Heat transfer coefficient (Uhein, r) from interior wall of heat exchanger to water; 
i
rr
rhein D
NuU O ,                                                                                                                                            (13)
 
Where Nusselt number is expressed as [4]; 
4.08.0 PrRe023.0 rrrNu                                                                                                                            (14) 
The Reynolds number for flows in pipe or tube is generally defined as; 
pr
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
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Re                                                                                                                                                  (15) 
Stating the expressions used by 
GK
U
m t 2                                                                                                                                                          (16) 
Then, the fin efficiency factor (F) can be found by  
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The collector efficiency factor (F’) becomes 
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The heat removal factor (FR) is given by 
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Energy efficiency is usually defined as the ratio of total energy output to the total energy input as 
in
out
E
E


 K                                                                                                                                                             (20) 
In the heat pump unit, The heat received by the evaporator (Qe) is given by the following equation: 
  )( 41 HHmQ re                                                                                                                                     (21) 
The heat introduced to the condenser (Qc) is given by: 
 )( 32 HHmQ rc                                                                                                                                        (22) 
The electrical power required to drive the compressor (Qcp,e) is given by: 
 )( 12, HHmQ rec                                                                                                                                    (23)      
Coefficient of performance of the heat pump (COPHP) is given by: 
cp
c
HP W
QCOP                                                                                                                                                   (24) 
Coefficient performance of the overall system (COPSYS) is the ratio of condenser load to the total power 
consumption of the compressor and other two circulation pumps and it is given by [5]: 
lscscp
c
SYS WWW
QCOP

                                          
4. Results and Discussion 
The theoretical analysis and experimental investigation were performed to evaluate the performance of the solar 
sandwich roof along with a heat pump unit. The series of outdoor testing was performed according to standard 
testing procedure EN 12975 [6] and the results belonging to testing period was shown. 
Fig. 6-8 were provided to demonstrate the collector performance under various solar intensities and the effect of 
different flow rates on the temperature of flowing water/glycol mixture. The graphs show the dynamic heat transfer 
on change in modular roof’s performance before reaching a steady state. Fig. 4 (a) presents the performance of the 
“Sandwich” thermal collector under 400 W/m² and 0.074 kg/s water flow rates.  The surface temperature ranges 
between 20.5 and 21.6°C with a flowing water temperature in the range of 9.7°C and 11.3°C and a maximum 
temperature increase of around 2°C. Fig. 4 (b) presents performance of the “Sandwich” thermal collector under 400 
W/m² and 0.049 kg/s water flow rates. The surface temperature increases from 21.4°C to 23.8°C while water 
temperature varies between 11°C and 12.3°C under 0.049 kg/s flow rate. Fig. 4 (c) presents performance of the 
“Sandwich” thermal collector under 400 W/m² and 0.025 kg/s water flow rates. The change in surface temperature is 
noted from 23.7°C to 31.7°C and corresponding change in water temperature is between 12.4°C and 16.1°C. One 
should note that maximum temperature increase is achieved while flow rate is 0.025 kg/s and the least is noted as 
the flow rate is 0.074 kg/s.  
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Fig. 4. Performance of the novel roof under 400 W/m² solar intensity and various flow rates 
Fig. 5 (a), (b) and (c) represents the performance characteristics of the “Novel” roof under 600 W/ m² and water 
flow rates of 0.025, 0.049 and 0.074 kg/s, respectively. The surface temperatures increase from 23.4°C, 42.4°C, and 
49.2°C to 40.7°C, 48.2°C and 50.6°C and water temperatures are from 17.8°C, 22°C and 23.9°C to 21.4°C, 23.4°C 
and 25.9°C while corresponding flow rates are 0.074 kg/s, 0.049 kg/s and 0.025 kg/s, respectively. Again, the 
maximum temperature rise both in surface and water temperature is attained at the lowest flow rate of 0.025 kg/s 
and the minimum is at the maximum flow rate of 0.074 kg/s on average.  
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                                                                         (c) 
Fig. 5. Performance of the novel roof under 600 W/m² solar intensity and various flow rates 
Fig. 6 (a), (b) and (c) presents the associated performance findings of the proposed solar thermal roof under 800 
W/m² solar insolation and 0.074 kg/s, 0.049 kg/s and 0.025 kg/s water flow rates, respectively. In Fig. 6 (a), the 
performance of the “Sandwich” thermal collector under 800 W/m² and 0.074 kg/s water flow rate is shown.  The 
surface temperature ranges between 55.6°C and 59.9°C with a flowing water temperature in the range of 28°C and 
30.2°C and a maximum temperature increase of around 2°C. In Fig. 6 (b), the performance of the “Sandwich” 
thermal collector under 800 W/m² and 0.049 kg/s water flow rate is shown. The surface temperature ranges between 
62.5°C and 65.8°C with a flowing water temperature in the range of 30.7°C and 34.3°C and a maximum temperature 
increase is more than 4°C. Again, the maximum temperature rise both in surface and water temperature is attained at 
the lowest flow rate of 0.025 kg/s and the minimum is at the maximum flow rate of 0.074 kg/s on average.   
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Fig. 6. Performance of the novel roof under 800 W/m² solar intensity and various flow rates 
Fig. 7 presents the efficiency change of the “Novel” solar thermal collector under various solar radiation and 
water flow rates. It is shown that although higher flow rate has the greater efficiency ratios for low solar insolation 
settings while slower flow rate such as 0.025 kg/s has the superior efficiency ratios for the higher solar radiation 
levels. As incoming solar radiation to the roof system increases, the efficiency level also increases with the slower 
flow rates.   
 
Fig. 7. Variation of efficiency under different solar radiation with various flow rates 
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Fig. 8 presents the environmental conditions on 23rd of June that outdoor test has been performed, preliminary 
outer surface and water temperatures varying depending on the external conditions. The wind speed was measured 
over the course of the external test to find out the heat flow rate through natural convection between the blackened 
aluminium surface and the surroundings.  Average solar radiation (I), ambient air temperature (Ta), and wind speed 
were measured as 701.3 W/m², 27.3°C, and 1.09 m/s, respectively. It is clearly shown in Fig. 8 that the surface 
temperature was expectedly higher than the circulating water temperature. Preliminary results show that around 9 °C 
increase in water temperature was noted while the surface temperature was in the range between 22.6°C and 44.6°C. 
One may conclude that conceiving the changes in temperature tendencies and increase in both surface and water 
temperature, there seems to be a fair agreement with the results obtained. 
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Fig. 8. Hourly variation of temperature Ta, Ts, Tw and wind speed Vwind (23th June) 
Fig. 9 presents the preliminary experimental data plotted regarding the COP, power consumption of the heat 
pump, and heat gain in condenser changing with respect to time. The water temperature at the condenser set constant 
at 35°C for space heating purpose. From the preliminary results, the energy gain at the condenser is in the range of 
1.9 kW to 3.43 kW while the COP is fluctuated between 2.4 to 3.1. Meanwhile, the average power used to operate 
the heat pump and to pump the water through the solar collector during the testing period was 0.7 kW.   
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Fig. 9. Preliminary test results obtained on the test day 
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5. Conclusion 
A Novel solar thermal roof collector coupled with a heat pump unit was investigated and preliminary 
performance test results and energy evaluation analysis were presented. The concluding remarks are outlined as 
followings; 
The selection of the heat pump unit was mainly because of its good compliance with the operating conditions, 
economic viability, its ability of handling varying evaporating temperatures adequately and environmental impacts, 
etc. 
Overall results prove that the flowing water through tubes and risers of the heat exchanger layer can successfully 
convey the solar thermal energy and have a cooling effect on the roof surface. The initial tests conducted at the 
laboratory environment show that the solar roof collector yields the maximum of 31.7°C surface temperature and 
16.1°C water outlet temperature at 400 W/m² solar radiation, 50.6°C surface temperature and 25.9°C water outlet 
temperature at 600 W/m² solar radiation and lastly 65.9°C surface temperature and 34.6°C water outlet temperature 
at 800 W/m² solar radiation, respectively. Although the flow rate of 0.025 kg/s seems nominal at first instance, 
capturing heat slowly from the surface causes to happen overheating of the surface. This, however, may result in 
exceeding the maximum temperature threshold for the heat exchanger and may be harmful the rise and pipes. To 
minimize this conflicting trend, the tests were initiated with the water flow rate of 0.074 kg/s for cooler surface then 
flow rates were gradually reduced until 0.025 kg/s throughout the test season. Hence, the optimum flow rate was 
assumed as 0.049 kg/s for outdoor test of the system. As for the outdoor performance test conducted, the 
temperature of water could increase up to 30°C. Thus, temperature increase of the water circulating through the 
innovative roof module could reach up to 10°C when the liquid within the system is around at around 20°C. The 
efficiency of the solar thermal collector varies between 0.24 and 0.11, respectively.  Experimentally obtained results 
present that the proposed solar thermal collector can act as an efficient heat extraction component for solar source 
heat pump systems. One can conclude that the possible reasons why it took so long before reaching a steady state 
may be the effect of turbulent flow inside the tubes, relatively poor heat transfer rate of the materials used and 
insulation. 
The COPs of the heat pump and overall system are calculated in terms of experimental data obtained from the 
outdoor test. Overall COP values of the system increase with the ambient air temperature and solar radiation and 
reach a maximum at 3.2 at an average of 2.98 over the course of testing for space heating mode. The maximum heat 
transfer rate experimentally attained in the condenser is 3.43 kW. 
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